Abstract Daily consumption of nuts is recommended as a part of a healthy diet as they contain protein and are rich in beneficial fatty acids and essential nutrients. The nutritional qualities of nuts are affected by their fatty acid composition and other factors such as maturity. Oil oxidative stability is important to determine nut nutritional quality in terms of fatty acid composition over storage. Therefore, this study aimed to (a) assess the nutritional quality (photooxidative stability and nutrient composition) of almond, cashew, pistachio and canarium (a newly commercialised indigenous nut); and (b) explore differences in nutrient concentrations between immature and mature canarium nuts. A decrease in polyunsaturated fats after photooxidation in almond and pistachio was observed. Canarium oil did not change following photooxidation suggesting canarium may display a long shelf life when stored appropriately. Our study indicated that almond provided over 50% of the recommended daily intake for manganese whereas canarium intake provided 50% of the recommended daily intake for iron (for males). Pistachio was richer in potassium compared with other nuts and canarium was richer in boron, iron and zinc than other nut species. Mature canarium kernels were richer in boron, iron and zinc but contained less potassium than immature canarium. Therefore, the current study recommended to store kernels in dark to decrease oil photooxidation, and maturity of canarium kernels at the harvest time was important affecting nutrient concentrations of kernels.
Introduction
World hunger is increasing and current estimates are that over 800 million of the human population are undernourished (FAO 2017) . Moreover, over two billion people suffer from hidden hunger and do not receive recommended daily essential nutrients including iron and vitamin A (Hawkes and Fanzo 2017) . However, food insecurity can be addressed promoting highly nutritious and indigenous food sources particularly in developing countries (Leakey 2018) . Approximately fifty indigenous plant species are being domesticated (Leakey et al. 2012 ) and some of which are highly nutritious (Powell et al. 2015) . Tree nuts, in particular, are increasingly being recognized as rich source of mineral nutrient and beneficial fatty acids (Couladis et al. 2003; Ö zcan 2004; Matthaus and Ö zcan 2006; Ros 2010 ) that improve metabolic processes (e.g. cardiovascular performances and vascular reactivity) (Ros 2010) . More than 90% of world trade in tree nuts is based on just five main nut species including almonds, cashews, hazelnuts, pistachios and walnuts. However, many indigenous species of edible nuts exist that have great potential to be commercialised and address food insecurity in developing countries. The indigenous tree species including Canarium spp, produces edible nuts and has been commercialised (Walton et al. 2017; Bai et al. 2017a) . The pili nuts (C. ovatum) and canarium nuts (C. indicum) are nutritionally rich especially in iron, phosphorus and zinc (Bai et al. 2017a Millena and Sagum 2018a, b) . There are limited information with regard to nutritional composition of pili nuts (Millena and Sagum 2018a, b) but not canarium nuts. To the best knowledge of authors, the nutritional composition of canarium species has not been compared with nutritional values of widely used nut species.
The oil of tree nuts is rich in unsaturated fatty acids (Miraliakbari and Shahidi 2008; Ö zcan et al. 2009; Matthaus et al. 2015) . The unsaturated fatty acids in tree nuts are unstable and shelf life of nut oils can be greatly reduced when the oil is not stored properly (Miraliakbari and Shahidi 2008; Gama et al. 2018b) . Autooxidation occurs when oils are exposed to heat causing both polyunsaturated and monounsaturated fatty acids to be oxidised (Ali et al. 2017 ). Photooxidation occurs when oils are exposed to light (Khan and Shahidi 2002; Amaral et al. 2006) . Photooxidation is associated with the amount of natural pigments and unsaturated fatty acids in oils (Khan and Shahidi 2002) . Photooxidation is one of the major issues in edible oils leading to produce off flavour oils (Albuquerque et al. 2003) . The autooxidative stability of nuts under different conditions have been widely investigated (Khan and Shahidi 2002; Amaral et al. 2006; Miraliakbari and Shahidi 2008) . The autooxidative and photooxidative stability of oils may be similar (Miraliakbari and Shahidi 2008) . However, the oil oxidative stability may not always be necessarily an indication of oil photooxidative stability (Ö zkan et al. 2016) . Few studies have recently examined photooxidation in nut oils (Miraliakbari and Shahidi 2008; Ö zkan et al. 2016 ) (Albuquerque et al. 2003) . Therefore, exploring photosensitivity of tree nut oils still remains a major gap of knowledge.
Many factors influence the nutrient concentrations and crude protein of nuts (Kodad and Socias i Company 2008; Gama et al. 2018a, b) . For example, soil nutrient availability, plant varieties and location of sample collection are among the main factors that determine nutrient accumulation in plants (Kodad and Socias i Company 2008; Vanhanen and Savage 2013; Bai et al. 2017b Bai et al. , 2018a Simsek et al. 2016) . Nuts of unknown origin and variety display wide variations in their nutrient concentrations when sourced from retail outlets (Ni et al. 2016; Gama et al. 2018a) . For example, variation in nutrient concentrations of almond, cashew and pistachio have been reported previously (Küçüköner and Yurt 2003; Kodad and Socias i Company 2008; Gama et al. 2018a) . It is unclear which nut species would be best to address widespread nutrient deficiencies (e.g. iron).
The maturity of nuts may further affect their nutritional quality including sugar content, fatty acid composition and nutrient concentration (Nanos et al. 2002; Kazantzis et al. 2003; Matthaus et al. 2016) . For example, early harvested almonds contained lower sugar and oil compared with mature almonds harvested later in the season (Nanos et al. 2002) . Lower sugar concentrations in early harvested nuts has been associated with lack of completion in sugar transformation cycle (Kazantzis et al. 2003) . The relationships between maturity stage and nut quality in almond and pistachio have been established (Matthaus et al. 2016 ). However, little attention has been paid to nutritional values of newly commercialised nuts at different maturity stages. This study aimed to compare nutritional quality of nuts including almond, cashew, pistachio and canarium. In particular, we (a) investigated photooxidative stability of almond, cashew, pistachio and canarium (a newly commercialised nut); (b) explored variation in their nutrient concentrations; and (c) assessed the effect of canarium maturity level on their mineral nutrient concentrations.
Materials and methods

Sample collection and preparation
Almond, cashew and pistachio samples were sourced from health food section of a retail outlet. No further preparation was undertaken for these samples prior to oil extraction and chemical analyses. Purple (mature) and green (immature) fruits of canarium were sourced from a plantation located at Kerevat, East New Britain, Papua New Guinea (PNG) in March 2016. The fruits were soaked in warm water for 5 min to remove the pulp followed by cracking of the shells (Walton et al. 2017) . The kernels were placed in a laboratory oven to be dried at 50°C until their moisture content reached approximately 3.0%. The kernels were sealed in zip-lock aluminium bags, and stored at 4°C before further analysis.
Oil extraction and accelerated photooxidation
Each species of nut was divided into 12 replicates (4 nut species 9 12 replicates) and each replicate had 10 g kernels. Kernels of each replicate were crushed and added to pentane. The mixture was stirred for 20 min and pentane was then removed from the oil using an air-tight vacuum rotator for 15 min. The 12 replicates of oil of each nut species was divided into two sub-sample of six replicates and stored in glass vials. One set of six replicates for each nut species (4 nut species 9 6 replicates) was used to measure fatty acid composition at day 0. The second subsample of the oils (4 nut species 9 6 replicates) was placed in a growth chamber for accelerated photooxidation at 27°C with constant light for 14 days. The lids of the vials were removed and vials were shaken in the air for 20 s every 48 h throughout the incubation to ensure oxygen was not limited. At day 14, all oil samples were collected from the growth chamber and stored at 4°C before determining their fatty acid compositions within a week of the end of the experiment.
Fatty acid compositions of the oils
Approximately 1 ll of oil of each replicate was added to a mixture of 0.7 ml dry methanol solution which contained butylated hydroxytoluene (BHT) and 25 ll of HCl (32%). The mixture was incubated overnight at 65°C. After incubation, 0.5 ml of hexane and 0.5 ml of MilliQ water were added to mixture. The whole solution was agitated gently for 30 s. The functionalised oil was then collected from the mixture and the fatty acid compositions was measured using a Gas Chromatography-Mass Spectrometry (GCMS). In brief, FAME analysis was performed using an Elite-5MS (30 m 9 0.25 mm 9 0.25 lm) column in a PerkinElmer Clarus 580 Gas Chromatograph coupled to a PerkinElmer Clarus SQ8S Mass Spectrometer. The helium carrier gas had a constant flow of 1 ml/min. The injection port was at 280°C with a split ratio of 30:1. The temperature program was operated at 50°C for 0.5 min, ramping at 10°C/min until 300°C and holding for 1.0 min. The mass spectrometer analysed a mass range from 40 to 400 (m/z), from 3.1 to 26.5 min with ionization be 70 eV electron impact. Compounds were identified by comparison of mass spectra against the National Institute of Standards and Technology (NIST) (08) MS library. Proportions of each fatty acid were recorded for each oil sample.
Protein and minerals concentrations of the kernels
Kernels of each nut species (almond, cashew, pistachio and mature canarium kernels) were randomly assigned into five replicates (4 nut species 9 5 replicates). Each replicate contained five kernels. The kernels of mature and immature canarium were also assigned into five replicates (2 nut maturity stages 9 5 replicates). Each replicate also consisted of five kernels. Kernels of each replicate were crushed and homogenised. One sub-sample of each replicate was used to measure total nitrogen (N) using a LECO TruSpec analyser. A conversion factor of 6.25 was used to convert total N of the nuts to crude protein (Bai et al. 2017a ). The second sub-sample of each replicate was used to assess the concentration of aluminium (Al), boron (B), calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), phosphorus (P), sulphur (S) and zinc (Zn) using a Varian Vista Pro ICPOES instrument. Nut sample of each replicate (0.25 g) was weighed out and digested by heating to the temperature of 200°C with 15 ml of a 5:1 mixture of nitric and perchloric acids. The digested samples were made up to 25 ml volume and analysed using a Varian (brand) Vista Pro (model) ICPOES instrument. (Martini and Schilt 1976) .
Statistical analysis
A t test was used to compare oils before and after photooxidation for each nut species. A one-way analysis of variance (ANOVA) was conducted to examine differences in nutrient concentrations among nut species followed by Tukey's post hoc test when differences were significant at p \ 0.05. Differences between mature and immature canarium were also assessed using a t test. SPSS Version 24 software was used to perform all statistical analyses in this study.
Results
Effects of photooxidation on fatty acid compositions of different nuts
After photooxidation, C16:1 significantly increased compared with that of day 0 only in almond and pistachio (Table 1 ). The C18:1 Cis significantly increased in cashew and pistachio after photooxidation. The C18:2 significantly decreased in both almond and pistachio after photooxidation (Table 1) . Fatty acid compositions of canarium remained unchanged after photooxidation (Table 1) .
Chemical compositions of nuts
Almond was rich in protein, Al, Ca, Fe, Mn and Zn ( Fig. 1;  Table 2 ), cashew was rich in protein, Cu, Mg, Mn, Fe, and Zn ( Fig. 1; Table 2 ). Canarium was rich in protein, B, Cu, Fe, Mn, P, and Zn ( Fig. 1; Table 2 ). Pistachio was rich in protein, Cu, Fe, K, P and S ( Fig. 1; Table 2 ). In terms of comparing nutrient concentrations of different nuts, protein concentration of almond and pistachio was significantly higher than that of cashew and canarium (Table 2) . Canarium showed the highest B concentrations followed by pistachio, almond and cashew (Table 2) . Almond had the highest Ca concentration compared with other nuts and the greatest Cu and Na was observed in cashew (Table 2) . Canarium was richer in P concentrations than pistachio and provided over 60% of P daily recommended intake based on 50 g kernels day -1 (Table 3 ). The Zn concentration of the canarium was significantly higher than that of other nuts (Table 2) . Whilst pistachio had the highest K concentrations, the S concentration of pistachio and mature canarium did not differ (Table 2 ). Mature and immature canarium differed only in their B, Fe, K, Mn and Zn concentrations (Table 4) .
Discussion
Oil photooxidative stability of different nuts Our data indicated that almond and pistachio were more sensitive to photooxidation compared to cashew and canarium. The presence of natural pigments and high unsaturated fatty acids increase oil instability under light (Khan and Shahidi 2002; Miraliakbari and Shahidi 2008; Ö zkan et al. 2016) . Pistachio contains chlorophyll (Bolling et al. 2011) . Therefore, photooxidative instability of pistachio could be explained by both the presence of natural pigments and high unsaturated fatty acid. It has been well documented that unsaturated fats are prone to heat, light and processing treatments (Khan and Shahidi 2002; Amaral et al. 2006; Miraliakbari and Shahidi 2008) due to the presence of carbons with double bonds in their molecular structures (Amaral et al. 2006) . A higher susceptibility of almond and pistachio oil compared with cashew and canarium oil to photooxidation could be explained by their high unsaturated fat concentrations which decreased significantly after photooxidation. Therefore, the oils of almond and pistachio have shorter shelf-lives than cashew and canarium when exposed to light and hence should be stored in dark conditions.
Chemical properties of the different nuts
Our data indicated that almond, canarium, cashew and pistachio were a rich source of protein, and some essential nutrients (e.g. B, Ca, Fe, P, and Zn). The essential elements are crucial to maintain human health (Ros 2010) . For example, dietary B prevents or reduces the severity of arthritis, promotes bone growth, improves brain function, and decreases the risk of some cancers (Nielsen and Meacham 2011) . The B concentration of almond in our study was approximately 20% lower than that reported in some other studies (Naghii et al. 1996) . Nut nutrient concentrations are associated with the origin and variety of the nuts (Evaristo et al. 2010; Gama et al. 2018a ) which could help to explain the reported differences in B concentration in almond. In general, avocado, almond, cashew, peanut, pistachio and walnuts are considered as highly B-enriched food sources (Naghii et al. 1996; Hunt and Meacham 2001) and canarium can be also categorised as a B-enriched food source.
Almond, canarium, cashew and pistachio were rich in Fe, Mg, Mn and P. Daily intake of food needs to be nutrient balanced and some essential nutrients (e.g. Mg and Mn) are critical for human health due to their contribution in heart, brain and muscle function (Chiuve et al. 2013; De Baaij et al. 2015; Horning et al. 2015) . Approximately 20% of maternal deaths have been associated with maternal irondeficiency anaemia in Africa and Asia and over 2 billion people suffer from iron and vitamin A deficiencies (Horton and Ross 2003; Hawkes and Fanzo 2017) . Pistachio was K-rich whereas canarium was P-rich (Tables 2, 3 ). Both K and P are important for bone health (Heaney, 2015) . A daily intake of 4700 mg day -1 and 700 mg day -1 has been Based on UL which represents maximum daily intake that is not likely to pose any health risk, used when RDI is not determined due to the lack of sufficient data recommended for K and P, respectively (Trumbo et al. 2001; Campbell 2004) . Therefore, a combination of mixed nut species may address dietary nutrient deficiencies.
Effects of nut maturity on nutrient concentrations
B, Fe and Zn content significantly increased in mature canarium nuts compared with immature nuts whereas K content significantly decreased. It is generally expected that nutrient concentrations in fruit increases while maturing (Clark and Smith 1988) . However, only some nutrients change in kernels with maturity. For example, the harvesting time altered Cu, Fe, Na and Zn content in almond kernel but did not effect on Ca, Mg, Mn and K content (Piscopo et al. 2010) . The observed decrease in K content of mature canarium kernels compared with immature kernels could be due to K limitation in the study site due to the fact that foliar K concentrations were under ideal concentrations (Bai et al. 2017b ). K deficiency limits photosynthetic capacity of plants leading to a decreased K sink in plant parts (Pettigrew, 2008) . Our study suggested that mature canarium nuts generally provide a better nutritional intake of some but not all nutrients.
Conclusion
This study aimed to investigate oil photooxidative stability and nutritional value of almond, canarium (newly commercialised indigenous nut), cashew, and pistachio. Cashew and canarium had higher oil photooxidative stability owing to their greater saturated fatty acid compositions compared with almond and pistachio. Thus, it is important to investigate photooxidative stability of oils to prevent degradation of beneficial fatty acids when stored. Our study also indicated a daily intake of 50 g day -1 of different nuts would provide different nutritional values for the consumer. For example, almond was a rich source of Ca and Mn, while cashew in Cu, Mn and Zn, canarium in B, Fe, Mg, Mn and P and pistachio in K. Therefore, kernels are recommended to be stored in dark to prevent oil photooxidation. This study highlighted the value of indigenous food sources (e.g. canarium nuts) to be used as valuable source of nutrients to decrease world hidden hunger. 
